



Circadian clocks are auto-regulatory loops in which
‘clock’ gene products feedback to regulate their own
expression. This explains how they keep oscillating,
but how do they first get going? It appears that the
transcription factor dClock not only drives the
oscillation within the fruit fly’s clock, but also plays
a pivotal role in pre-assembling the clockwork.
Evolution has been good to circadian clocks; they
confer adaptive advantage to an organism, enabling 
it to anticipate, and thereby prepare for, daily
environmental changes. Genotypes that encode
physiologies unable to ‘tune in’ to the temporal world
lose out in the race to contribute to the gene pool [1].
It is unsurprising, therefore, that in flies and mice the
core oscillatory mechanism is present in many
tissues, capable of ticking away autonomously in
vitro, but usually synchronised to a central pacemaker
in vivo [2]. Zhao et al. [3] have now reported evidence
that the transcription factor Clock can stimulate the
ectopic expression of other clock components and
modify the animal’s daily behavioural programme.
This potential of circadian clocks to self-assemble
adds a new level of understanding to how simple
gene networks might control complex behaviour and
provides insight into how evolution might fine-tune
circadian phenotypes.
Heterodimers of the bHLH-PAS proteins Clock and
Bmal (Cycle in Drosophila) are the engine of the circa-
dian clockwork in flies and mammals, driving tran-
scription of the Period (Per), Cryptochrome (Cry) and,
in flies, Timeless (Tim), genes [4]. Protein complexes
encoded by these targets translocate to the nucleus to
interfere with Clock–Bmal-dependent gene expression,
closing a series of nested feedback loops that estab-
lish a stable oscillation of approximately 24 hours.
Clock and other circadian genes are expressed cen-
trally in neural oscillators that control rhythmic behav-
iour: the ‘lateral’ neurons in Drosophila (including those
expressing pigment dispersing factor), and the
suprachiasmatic nuclei (SCN) in mammals. They are
also expressed peripherally, supporting local oscilla-
tions synchronised to the activity–rest cycle and 
controlling tissue-specific circadian metabolic pro-
grammes [5,6].
The pivotal role of Clock in circadian orchestration
suggested to Zhao et al. [3] that it might have a
broader role in defining clockworks. They tested this in
Drosophila by using the GAL4-UAS system to direct
Clock expression to neurons where it is usually absent,
and examined the consequences on local circadian
gene expression and the fruitfly’s daily activity profile.
Three clock-relevant promoter sequences were used:
long and short versions of the Cry promoter, and the
promoter of the pigment dispersing factor gene (Pdf).
In the cells where they are active, these promoter
sequences directed production of the transcription
factor GAL4, which in turn activated expression of
reporter genes in which the GAL4-responsive
upstream activating sequence (UAS) was linked to a
fluorescent reporter.
Zhao et al. [3] found that the Pdf and longer Cry
sequences only lit up the known clock neurons; in some
lines, however, the shorter cry sequence was also
active in ‘non-circadian’ neurons, including the ellipsoid
body and antennal neuropil. When this Cry–GAL4 con-
struct was used to drive expression of the UAS–Clock
gene in these normally non-circadian neurons, the new
sites, which did not previously express Tim mRNA, now
did so. More significantly, the Tim expression was
rhythmic, peaking in the early dark phase, just as in the
lateral neurons of transgenic and wild-type flies. Criti-
cally, this cycle was truly circadian, continuing to run in
continuous darkness.
Ectopic Clock also induced rhythmic Cry expression,
running in characteristic antiphase to the Tim expres-
sion cycle. Given that these ectopic sites do not usually
express Cry — even though they were revealed by a
short Cry promotor sequence — and that Clock–Cycle
suppresses Cry expression in pacemaker cells, this is
strong evidence that ectopic Clock really does estab-
lish de novo a circadian programme, rather than just
acutely up-regulating or down-regulating its standard
targets. Unfortunately the sustainability of Cry cycles in
constant darkness is not reported, but Zhao et al. [3] do
show that ectopic clocks, as revealed by rhythmic Tim
expression, can also be induced by UAS–Clock driven
by a non-circadian driver acting at other sites, including
the mushroom bodies and antennal lobes. The effect of
ectopic Clock is therefore not specific to the Cry pro-
moter sequence. Tim cycling in these animals was not
tested in constant darkness, however, and so the per-
formance limits of the ectopic clocks require definition.
Wild-type flies exhibit a biphasic, crepuscular activ-
ity pattern. In flies with ectopic clocks, the dusk activ-
ity peak is deleted. Under constant darkness,
however, the circadian activity profiles of the mutant
flies are the same as wild-type, albeit with a slightly
shorter period arising from Clock over-expression in
the lateral neurons. This suggests that, rather than
affecting the core oscillator, the ectopic clocks influ-
ence the behavioural response to light. Consistent
with this, Clock is known to be important in mediating
the effects of light on locomotor activity [7]. Resetting
of the mutant behavioural cycles by nocturnal light
pulses occurs at the normal times, indicating the core
oscillator is operating correctly. The amplitude of
phase-shifts, however, is attenuated compared to
wild-type and to flies where UAS–Clock is driven by
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the longer (non-ectopic) Cry promoter. Given that both
ectopic and non-ectopic lines have up-regulation of
Clock and Tim expression in the lateral neurons, but
only the ectopic lines have attenuated light sensitivity,
the behavioural effects probably arise from the
de novo cycling at the ectopic sites.
This work raises a series of new questions about
what exactly is needed to assemble and to run a
circadian clock, and provides a novel in vivo test-bed
to answer them. First of all, what endogenous factors
throw the switch to drive Clock expression to pre-
programmed circadian sites? Is Clock driven rhyth-
mically by these heterologous promoters, and if not
what does that reveal about its roles in the circadian
loop? How does Per expression fit into this scheme?
Ectopic Per cannot induce rhythmic Tim nor affect
behaviour — the effect of ectopic Clock appears
specific. But Per expression in the ectopic clocks is
not reported — are they Per-independent? Further-
more, given that ectopic clocks do not express Pdf,
but do express their behavioural effects in a Pdf null
background, how do they link into the existing
circuitry controlling locomotor activity? Presumably
they act downstream of the Pdf-expressing lateral
neurons and their immediate targets. This re-wiring
of brain circuitry that supports altered behaviour
must be specific because there are no obvious
behavioural effects when the non-circadian GAL4
driver generates ectopic clocks at other (non-wired?)
neural locations.
The waveform of activity–rest cycles is critical to sur-
vival — flies emerging at the wrong times disappear as
a result of predation, desiccation and so on, or at least
miss out on copulation [8]. It may be fortuitous that the
ectopic clocks generated by Zhao et al. [3] affect this
behaviour. Alternatively, the authors may have
revealed one way in which evolution might fine-tune
the generic circadian programme to local environ-
ments by exploiting peripheral clocks to modify behav-
iour. Furthermore, using a clock component as a
developmental switch may have been a convenient
mechanism whereby multi-cellular organisms became
able to regulate the selective development of clocks
across the body. One way to avoid temporal confusion
as body plans became more complex would be to
restrict the distribution of cell-based oscillators, and
what better point of control than a transcription factor
driving the clockwork?
Rhythmic events are important in other aspects of
development, for example in the oscillatory generation
of somites in the vertebrate embryo which is also
timed by a negative feedback loop involving bHLH
proteins [9], and Clock itself is expressed in the pre-
implantation mammalian embryo at a time when
temporally scheduled events are of critical importance
[10]. The ability of Clock to orchestrate existing pro-
grammes of gene expression, and its potential ability
to specify novel timing mechanisms may provide it
with a more general role in embryogenesis, although
you can get too much of a good thing. In combination
with numerous GAL4 drivers, UAS–Clock was devel-
opmentally lethal, indicating, yet again, that success
is a matter of good timing.
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